Main Text {#sec1}
=========

Individuals with Down syndrome (DS) show widespread and chronic immune dysregulation. This population shows increased rates of diverse autoimmune conditions, including autoimmune thyroid disease,[@bib1], [@bib2], [@bib3] celiac disease,[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10] autoimmune skin conditions (e.g., alopecia areata, psoriasis, vitiligo, atopic dermatitis and/or eczema, hidradenitis suppurativa),[@bib11], [@bib12], [@bib13], [@bib14] and type 1 diabetes.[@bib15], [@bib16], [@bib17] At the molecular and cellular levels, individuals with trisomy 21 show clear signs of inflammation in the absence of any detectable infections, such as elevated levels of potent inflammatory cytokines and chemokines,[@bib18] ^,^ [@bib19] and changes in diverse immune cell types indicative of hyperactive, pro-inflammatory cellular states.[@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29] In addition, individuals with trisomy 21 show more severe consequences during lung viral infections, such as increased rates of hospitalization during respiratory syncytial virus (RSV) and H1N1 influenza A infections,[@bib30] ^,^ [@bib31] as well as increased rates of mortality from bacterial pneumonia and sepsis.[@bib32] ^,^ [@bib33] Despite this knowledge, in the context of the ongoing coronavirus disease of 2019 (COVID-19) pandemic, it is unclear how individuals with DS may respond to severe acute respiratory syndrome CoV 2 (SARS-CoV-2) infections, and it may take several months before enough epidemiological and clinical data are gathered to address this issue. Despite the clear limitations imposed by the lack of available data, I provide evidence that individuals with trisomy 21 should be considered at high risk of developing more severe symptoms and increased rates of hospitalization, intensive care, secondary bacterial infections, and mortality from SARS-CoV-2 infections relative to the general population, thus justifying increased monitoring and specialized care for those with COVID-19 and DS.

The Negative Impact of Cytokine Storms during Respiratory Infections {#sec1.1}
--------------------------------------------------------------------

Mounting evidence supports the notion that morbidity and mortality during SARS-CoV-2 infections are driven by the exacerbated immune response to the virus, leading to a cascade of events involving a cytokine storm, acute respiratory distress syndrome (ARDS), and eventual myocardial damage and multi-organ failure.[@bib34] ^,^ [@bib35] This pathological cascade is similar to that observed in other lethal lung viral infections, in which the presence of the virus in the lungs triggers a first wave of cytokines, including type I and III interferons (IFNs); activation and recruitment of immune cells, leading to further production of cytokines and chemokines; exacerbated immune activation; and progressive shutdown of respiratory function.[@bib36]

Cytokine storms, also known as cytokine release syndrome (CRS) or hypercytokinemia, have been described as drivers of pathology in myriad infectious and non-infectious diseases.[@bib36] Among infectious diseases, cytokine storms have been postulated to drive mortality during severe viral infections, such as influenza,[@bib37] including the 1918 Spanish flu epidemic[@bib38] and the H5N1 bird flu,[@bib39] as well as the 2003 SARS epidemic,[@bib40] hantavirus,[@bib41] ebola,[@bib42] and smallpox.[@bib43] In the specific case of COVID-19, independent reports indicate that the magnitude of the cytokine storm correlates positively with the severity of pathology, likelihood of needing intensive care, and death. Many inflammatory markers, cytokines, and chemokines have been found to be significantly associated with worse prognosis, including C-reactive protein (CRP), interleukin-6 (IL-6), IL-2, IL-7, IL-10, granulocyte colony-stimulating factor (G-CSF), interferon γ-induced protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1A (MIP-1A), and tumor necrosis factor α (TNF-α).[@bib34] ^,^ [@bib35] When integrated with the current understanding of the role of cytokine storms in other respiratory infections, these findings support the notion of combined antiviral treatments and targeted immunosuppression as a therapeutic strategy in COVID-19.[@bib44] There are now multiple clinical trials testing the impact of targeted immunosuppressants, such as inhibitors of IL-6 signaling (e.g., Tocilizumab, Sarilumab), TNF-α signaling (e.g., Humira), IL-1β signaling (e.g., Anakinra), and Janus kinase (JAK) inhibitors (e.g., Ruxolitinib, Baricitinib, Tofacitinib) in the hope that attenuating the cytokine storm will improve prognosis.

Interferon Hyperactivity in DS {#sec1.2}
------------------------------

The exact mechanisms by which trisomy 21 causes the immune dysregulation observed in people with DS remains to be elucidated. However, several genes encoded on chromosome 21 have established roles in immune control, and their overexpression could contribute to the general immune phenotype of DS. Most prominent among the immune regulators encoded on chromosome 21 are four of the six interferon receptors: the two type I IFN receptors *IFNAR1* and *IFNAR2*, the type II IFN receptor *IFNGR2*, and *IL10RB*, which serves as a receptor subunit for both type III IFN ligands and the cytokines IL-10, IL-22, and IL-26.[@bib45]

Several lines of evidence demonstrate the hyperactivation of IFN signaling in DS. First, the IFN receptors (IFNRs) encoded on chromosome 21 are overexpressed in multiple cell types of individuals with trisomy 21. This overexpression is obvious not only at the mRNA level in multiple immune and non-immune cell types ([Figure 1](#fig1){ref-type="fig"} )[@bib46] but also at the cell surface level, as demonstrated by a recent mass cytometry analysis of 100 different immune cell types.[@bib21] Second, immune and non-immune cell types of people with DS are hypersensitive to IFN stimulation, as demonstrated by the super-induction of downstream JAK/STAT signaling and IFN-stimulated genes (ISGs).[@bib20] ^,^ [@bib21] ^,^ [@bib47], [@bib48], [@bib49], [@bib50], [@bib51], [@bib52], [@bib53] Third, transcriptome analyses have revealed gene expression signatures indicative of hyperactive IFN signaling in diverse immune and non-immune cell types of people with DS,[@bib20] ^,^ [@bib21] ^,^ [@bib46] as well as brain tissue of diverse mouse models of DS carrying triplication of the IFNR cluster.[@bib54] In addition, many independent studies have revealed changes indicative of chronic autoinflammation in people with DS, including the elevation of many cytokines and chemokines known to act downstream of IFN signaling.[@bib18], [@bib19], [@bib20] ^,^ [@bib47] Of critical importance to the topic of cytokine storms, people with DS show significantly elevated levels of key cytokines such as CRP, IL-6, IL-2, TNF-α, IP-10, IL-10, and MCP-1.[@bib19] ^,^ [@bib20] ^,^ [@bib47] To further strengthen this point, I include here data demonstrating that individuals with DS display signs of a mild cytokine storm even in the absence of any obvious infections ([Figure 2](#fig2){ref-type="fig"} ) (<http://explorer.trisome.org/proteome/>). Lastly, metabolomics studies of both plasma and cerebrospinal fluid have revealed that individuals with DS display dysregulation of the IFN-inducible kynurenine pathway of tryptophan catabolism, leading to elevated levels of quinolinic acid, a neurotoxic tryptophan catabolite.[@bib47] The reduction of the copy number of IFNRs reversed this metabolic dysregulation *in vitro*, pointing to IFNR triplication as the driving event.Figure 1Individuals with Down Syndrome Overexpress IFN ReceptorsBox and whisker plots displaying mRNA expression for the type I IFNRs encoded on chromosome 21, IFNAR1 and IFNAR2. Data are presented in reads per kilobase of transcripts per million (RPKM) mapped reads. Data were generated via RNA sequencing (RNA-seq) transcriptome analysis as described by Araya et al.,[@bib20] Sullivan et al.,[@bib46] and Powers et al.[@bib47] p values were calculated with the Student's t test. All of the boxplots show median, 25^th^, and 75^th^ percentile values. Error bars are 1.5 times the interquartile range (IQR) or the maximum data point if \<1.5 IQR. Data are publicly available in the research portal TrisomExplorer at <http://explorer.trisome.org/transcriptome/>.Figure 2Elevated Baseline Cytokine Levels in Individuals with Down SyndromeBox and whisker plots showing cytokine levels in typical people versus people with Down syndrome. Plasma cytokine levels were measured using the Meso Scale Discovery V-PLEX 54-PLEX Human Cytokine Kit and a U-PLEX custom array, as described in Powers et al.[@bib47] All p values were calculated using a Kolmogorov-Smirnov (KS) test. All of the boxplots show median, 25^th^, and 75^th^ percentile values. Error bars are 1.5 times the IQR or the maximum data point if \<1.5 IQR. Data are publicly available at <http://explorer.trisome.org/proteome/>.

This body of evidence indicates that the IFN response, which is key for both mounting antiviral responses and initiating and amplifying the cytokine storm, is much more active in people with DS. Given this knowledge, several questions then arise: what is the likely impact of SARS-CoV-2 infections on the immune response of individuals with DS? Are individuals with trisomy 21 more or less likely to develop a severe cytokine storm and downstream pathology?

Potential Benefits of a Stronger IFN Response {#sec1.3}
---------------------------------------------

At first glance, IFN hyperactivity may be considered beneficial, in the sense that it may enable cells with trisomy 21 to mount a stronger antiviral response during the first contact with SARS-CoV-2. As the first viral particles enter lung epithelial cells of an individual with trisomy 21, the consequent production of type I and type III IFN ligands may elicit a stronger response in neighboring epithelial cells and resident immune cells overexpressing IFNRs. In theory, this stronger initial response could restrain viral spread. This potentially beneficial aspect would result in a lower rate of SARS-CoV-2 carriers among those with trisomy 21. However, CoVs have developed strategies to evade the antiviral effects of the IFN response. Studies of the SARS-CoV-1 and the Middle East Respiratory Syndrome CoV (MERS-CoV) have revealed that their genomes encode an unusual number of proteins that dampen or neutralize the IFN signaling cascade (reviewed in Kindler et al.[@bib55]), which enables viral disguise, immune evasion, and rapid viral replication and spread. Since SARS-CoV-2 is a member of the *Betacoronavirus* clade, which also includes SARS-CoV-1 and MERS-CoV, it is likely that SARS-CoV-2 uses a similar suite of anti-IFN strategies.[@bib56] Therefore, the IFN hyperactivity observed in people with DS may not be sufficient in providing additional protection against SARS-CoV-2 infection. In the event that SARS-CoV-2 evades the initial immune response of a person with trisomy 21 by dampening IFN signaling, the lifelong chronic IFN hyperactivity experienced by these individuals is likely to prime the immune system for super-induction of the cytokine storm. In support of this notion, type I IFN signaling was found to be detrimental in a mouse model of SARS-CoV-1 infection and pathology,[@bib57] in which deletion of one of the type I IFNRs encoded on chromosome 21 (IFNAR1) prevented the development of SARS pathology. While there are no data on animal models of SARS-CoV-2 to address the role of IFNR copy number, and assuming the two related viruses provoke similar pathological cascades, it follows then that the exacerbated type I IFN signaling observed in DS would contribute to exacerbated COVID-19 pathology ([Figure 3](#fig3){ref-type="fig"} ).Figure 3Proposed Model of the Impact of Trisomy 21 on the COVID-19 Pathological CascadeTrisomy 21 involves triplication of 4 IFN receptors, the type I IFN receptors IFNAR1 and IFNAR2, the type II IFN receptor IFNGR2, and the type III IFN receptor IL10RB. IFN receptor overexpression leads to hypersensitivity to type I and type III IFNs upon exposure of lung epithelial cells to SARS-CoV-2. Key immune cell types of people with Down syndrome, including dendritic cells and T cells, display changes indicative of hyperactivation and increased differentiation toward inflammatory states even before SARS-CoV-2 infection. This heightened immune activity could predispose the immune system of individuals with Down syndrome to cytokine overproduction and an increased risk of acute respiratory distress syndrome, myocardial damage, organ failure, and secondary bacterial infections.

Increased Risk of an Exacerbated Cytokine Storm in DS {#sec1.4}
-----------------------------------------------------

There is evidence to support the notion that, upon confirmation of SARS-CoV-2 infection, individuals with DS are more likely to develop a stronger and more prolonged cytokine storm ([Figure 3](#fig3){ref-type="fig"}).

During respiratory viral infections, as viral particles enter the lung tissue, lung-resident respiratory dendritic cells (rDCs) acquire antigens from the epithelial cells or are infected themselves, thus being activated and draining to mediastinal and cervical lymph nodes, where they process viral antigens and present them to naive circulating T cells (reviewed in Channappanavar et al.[@bib58]). Upon T cell receptor (TCR) engagement by peptide-major histocompatibility complex (MHC) complexes on the surface of rDCs, T cells become activated, proliferate, and migrate to the infected lung tissue. Once in the lung, virus-specific effector T cells contribute to the cytokine storm by producing several pro-inflammatory cytokines and chemokines (IFN-γ, TNF-α, IL-2, C-X-C motif chemokine ligand 9 \[CXCL9\], and IP-10), which in turn recruit more innate and adaptive immune cells. In a careful analysis of lymphocyte recruitment to the lungs of SARS-CoV-1-infected mice, three patterns of immune cell infiltrates were identified in lung tissue.[@bib59] Plasmacytoid dendritic cells (pDCs) infiltrated the lung early on (first wave). This was followed by a second wave of natural killer (NK) T cells, NK cells, macrophages, and CD4^+^ T cells. Finally, a third wave involved neutrophils and CD8^+^ T cells. In this experimental model, SARS-CoV-1 infection induced an enhanced virus-specific T cell response in the lungs, which coincided with the development of pneumonitis and viral clearance. Furthermore, the depletion of CD4^+^ T cells resulted in diminished virus-specific antibody responses and decreases in the production of Th1 and Th2 cytokines in the lung.

Within this framework, given the clear signs of pro-inflammatory changes in DCs, monocyte lineages, NK cells, and effector T cells isolated from individuals with DS,[@bib20] ^,^ [@bib21] it is then predicted that the cascade of events described above will be exacerbated and driven toward a stronger cytokine storm.

First, when the whole blood of children with DS is exposed to live influenza A virus, the production of TNF-α, IL-1β, IL-6, IL-8, IFN-α, and IFN-γ is significantly elevated relative to their typical siblings.[@bib60] However, in this *in vitro* experiment, viral clearance was equivalent in both groups. The authors concluded that "the production of higher levels of pro-inflammatory cytokines may be responsible for a more severe clinical course of viral disease in these children."

Second, deep mapping of the immune system of adults with DS revealed many changes indicative of an enhanced pro-inflammatory state in the monocyte lineage and among DCs.[@bib21] The monocyte lineage in DS is driven toward the intermediate and non-classical states associated with inflammatory conditions, and diverse DC subsets show alterations consistent with a heightened state of inflammation and cytotoxic potential.[@bib21] Thus, it is predicted that the pro-inflammatory state of these myeloid cell types in DS will contribute to enhanced cytokine production as SARS-CoV-2 particles cross the lung epithelium and encounter resident alveolar macrophages and DCs.

Third, within the T cell compartment, T cell lineages of adults with DS show clear signs of differentiation and hyperactivation, even in the absence of any obvious infections, which could be explained by chronic IFN hyperactivity.[@bib20] When the CD4 and CD8 T cells of adults with DS are activated *ex vivo* via stimulation of the TCR, akin to what occurs during a viral infection, they overproduce many key cytokines and chemokines.[@bib20] Upon activation, CD4 T cells with trisomy 21 overproduce IL-10, IL-17A, IL-22, and MIP-3α, and CD8 T cells overproduce TNF-α, IFN-γ, IL-2, MIP-1α, GM (granulocyte-macrophage)-CSF, IL-8, MIP-1β, and eotaxin.[@bib20] Thus, the T cells of people with DS are likely to fuel a stronger cytokine storm as they infiltrate the infected lung epithelia.

In addition, it has been shown that effector CD4 and CD8 T cells with trisomy 21 are resistant to suppression by regulatory T cells (Tregs)[@bib20]. Tregs are key players during the resolution of an infection by dampening the action of effector CD4 and CD8 T cells once the virus has been cleared. However, effector T cells of people with DS were found to be refractory to dampening by Tregs after activation, which results in more proliferation of effector T cells relative to euploid counterparts.[@bib20] Although Tregs with trisomy 21 were found to be capable of suppressing effector T cells of typical people, they could not suppress effector T cells with trisomy 21, pointing again to a hyperactive, resilient state of effector T cells in DS.[@bib20] As the immune system of a person with DS attacks SARS-CoV-2-infected cells, it is predicted that the T cell response, including cytokine overproduction, will be stronger and last longer. This may be further exacerbated by additional pro-inflammatory changes in the NK cells of adults with DS.[@bib21]

Overall, this evidence supports the notion that COVID-19 in DS will display a stronger cytokine storm and accelerated onset of cytokine-driven pathology ([Figure 3](#fig3){ref-type="fig"}).

Increased Burden of Secondary Bacterial Infections {#sec1.5}
--------------------------------------------------

It is well documented that pandemics of respiratory viral infections are followed by a surge in cases of bacterial pneumonia, supporting the notion of a post-viral state of bacterial pneumonia susceptibility.[@bib61] ^,^ [@bib62] In fact, most influenza-related deaths are due to secondary infections, with bacteria commonly found in the nasopharyngeal tract, such as *Streptococcus pneumoniae* and *Staphylococcus aureus*.[@bib62] ^,^ [@bib63] During the Spanish flu pandemic of 1918--1919, \>90% of deaths were attributed to subsequent bacterial pneumonia.[@bib64] ^,^ [@bib65] During later influenza pandemics in the 1950s and 1960s, the percentage of deaths due to bacterial lung infections was estimated at 50%--70%, with the decreases being explained by the broader use of antibiotics.[@bib66] ^,^ [@bib67] In the COVID-19 pandemic, the impact of secondary bacterial infections is likely to be further decreased by the widespread use of broadly acting antibiotics such as azithromycin. However, secondary bacterial infections remain a concern, particularly for individuals with DS.

Of importance to secondary infections in DS, the production of type I IFNs during the antiviral response was shown to drive the increased risk of secondary bacterial infections in mouse models. Knockout of one of the type I IFNRs encoded on chromosome 21 improved the survival and clearance of *S. pneumoniae*.[@bib68] The harmful effects of type I IFN signaling seem to be driven by the impairment of macrophage and/or neutrophil function by IFN-induced cytokines, most prominently among them the anti-inflammatory cytokine IL-10.[@bib69] ^,^ [@bib70]

IL-10 is involved in the dampening and resolution of immune response and is consistently elevated at baseline in people with DS[@bib19] ([Figure 3](#fig3){ref-type="fig"}). Furthermore, one of the subunits of the IL-10 receptor, IL10RB, is encoded by one of the four genes in the IFNR cluster on chromosome 21. IL10RB serves as a subunit not only for the IL-10 receptor, but also for the type III IFNs, IL-22, and the IL-26 receptors.[@bib71] These findings beg the question: what would be the impact of elevated IL-10 signaling in DS? At this point, all of the evidence supports the notion that elevated IL-10 signaling in DS does not suffice to bring balance to what is clearly a hyperactive, overresponsive immune system. In our analysis of the T cells of people with DS, we observed that CD8^+^ T cells with trisomy 21 overproduce IL-10 upon stimulation, and they also overproduce many more pro-inflammatory cytokines such as TNF-α, IFN-γ, MIP-1α, IL-2, IL-8, MIP-1β, and eotaxin.[@bib20] However, the suppressive effects of IL-10 on the antibacterial branch of the immune system could increase the risk of secondary bacterial infections.[@bib62] ^,^ [@bib70] The role of IL-10 in this phenomenon has been well investigated for pneumococcal pneumonia and tuberculosis. In a mouse model of influenza A, treatment with anti-IL-10 neutralizing antibodies before inoculation with *S. pneumoniae* resulted in reduced bacterial outgrowth and reduced lethality during secondary bacterial pneumonia.[@bib70] In the case of tuberculosis, type I IFN signaling was shown to actually promote Mycobacterium *tuberculos*is bacterial expansion and pathogenesis,[@bib72] which was explained by the IFN-dependent induction of IL-10 and consequent impairment in bacterial killing.[@bib73]

These observations support the notion that type I IFN hyperactivity and increased downstream IL-10 signaling could be drivers of the known susceptibility to bacterial pneumonia in people with DS. Children with DS have a \>60-fold higher rate of pneumonia than do typical children,[@bib74] and bacterial pneumonia is a leading cause of mortality in adults with DS.[@bib75] Several reports have documented impaired neutrophil function in DS.[@bib76], [@bib77], [@bib78] Therefore, it is predicted that individuals with COVID-19 and DS would be at a higher risk of secondary bacterial lung infections during the COVID-19 pandemic.

Other Potential Risk Factors for Exacerbated COVID-19 Pathology in DS {#sec1.6}
---------------------------------------------------------------------

The evidence outlined above indicates that COVID-19 in DS would present accelerated progression toward dyspnea, ARDS, and myocardial damage, with a potential increased risk of secondary bacterial infections. In addition, the impact of immune dysregulation in DS could be modulated by other potential risk factors.

People with DS have a unique profile of cardiovascular and cardiopulmonary disease.[@bib79] Nearly 50% of newborns with DS are affected by some form of congenital heart disease (CHD), which in many cases requires repair via heart surgery.[@bib80] However, adults with DS seem to be protected from coronary heart disease.[@bib81] This duality in the cardiac phenotype makes it hard at this point to assess the impacts of CHD on the development of COVID-19 in DS. While it is likely that mild, viable, unrepaired CHD will be a risk factor for severe COVID-19, the assessment is less clear for those individuals who have undergone effective repair via cardiac surgery and have otherwise normal cardiac function.

In addition, diverse anatomic abnormalities of the upper airway are considered major risk factors for respiratory infections in DS.[@bib82], [@bib83], [@bib84] Dysphagia and aspiration, which are more common in DS, could also increase the predisposition to lung infection in this population.[@bib85] ^,^ [@bib86] In addition to these structural factors, hypotonia can increase the likelihood of proximal airway obstruction and dysphagia in DS.[@bib83] ^,^ [@bib86] Obstructive sleep apnea (OSA), which is very common in people with DS,[@bib87] ^,^ [@bib88] can often cause chronic intermittent hypoxia and respiratory acidosis, which in turn can drive pulmonary hypertension, a condition that is also more common in DS.[@bib89] ^,^ [@bib90] Therefore, OSA could indirectly create an additional risk factor for the severity of COVID-19 by accelerating hypoxemia, predisposing to pulmonary hypertension, and decreasing cardiopulmonary capacity. While some studies support the notion that OSA is a risk factor for ARDS in some settings,[@bib91] ^,^ [@bib92] other studies suggest that obesity (which is associated with OSA) may be a higher risk factor for ARDS than OSA itself.[@bib93] In the context of COVID-19, chronic lung disease and obesity are recognized risk factors, but the autonomous impact of OSA specifically remains to be fully elucidated.

In summary, in addition to the risks imposed by the immune dysregulation caused by trisomy 21, other risk factors could contribute to a more severe form of COVID-19 in DS.

A Word of Caution {#sec1.7}
-----------------

Overall, the combination of immune dysregulation and other potential risk factors suggest that individuals with DS and confirmed SARS-CoV-2 infection should undergo closer monitoring, including rapid, real-time monitoring of inflammatory markers (e.g., CRP, IL-6, TNF-α), myocardial damage (e.g., brain natriuretic peptide, cardiac troponin, myoglobin), and secondary bacterial infections. As more clinical trials for targeted immunosuppressants are performed around the world, individuals with DS are prime candidates for this intervention and other approaches to tone down the cytokine storm.

Clearly, in the absence of clinical and epidemiological data to define the impact of COVID-19 in the population with DS, this Perspective and the hypotheses stated herein should be approached with skepticism. Nevertheless, I hope that this analysis of the literature prompts physicians around the world to pay special attention to individuals with DS and adopt measures to counteract the effects of the cytokine storm and other potential risk factors in this population.
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